Both genes encoding U3 small nuclear RNA (snRNA) from the budding yeast Saccharomyces cerevisiae were recently shown to be interrupted by introns of the type removed by the pre-mRNA splicing machinery. We previously described one of the two U3 genes from the fission yeast Schizosaccharomyces pombe. In the present work, the second S. pombe U3 coding sequence was identified, and direct RNA sequence analysis was used to show that neither the U3A nor the U3B gene from this organism contains an intervening sequence. Our data also demonstrate that, as expected, the two RNAs exhibit great primary-and secondary-structure conservation. These similarities are not likely to be the result of a recent gene duplication or conversion event, because the DNA sequences flanking the U3A and U3B genes have diverged substantially. A notable exception is a 19-bp block, centered 36 nucleotides upstream from the transcriptional start site, in which the two loci match in 15 positions; this motif may represent an RNA polymerase II upstream regulatory element, because related sequences are found preceding fission yeast Ul, U2, U4, and U5 snRNA genes. The significance of a short conserved sequence just downstream of the U3A and U3B genes is unknown, as it is not found 3' to other snRNA coding sequences in S. pombe. The 5' one-third of U3B RNA can be folded into a dual hairpin structure, as we previously proposed for Schizosaccharomyces pombe U3A and for other lower eukaryotic U3 homologues. Quantitation of fission yeast U3A and U3B indicates that, in contrast to snR17A and B in Saccharomyces cerevisiae, these RNAs accumulate to similar levels.
Introduction
The nuclei of eukaryotic cells contain a variety of small, stable RNA molecules, among which are the uridine-rich small nuclear RNAs (U-snRNAs). Five of the major species in this class-U 1, U2, and U4-U6-are located in the nucleoplasm and play roles in splicing of messenger RNA (mRNA) precursors (reviewed in Guthrie and Patterson 1988) , while U3 resides in the nucleolus and participates in preribosomal RNA (pre-rRNA) processing (reviewed in Gerbi et al., accepted) . Like Ul-U5, U3 possesses a trimethylguanosine cap structure and is complexed with proteins. Phylogenetic comparisons have revealed four regions of extended sequence similarity, shared by all U3 homologues, designated boxes A-D (Wise and Weiner 1980; Hughes et al. 1987) . Boxes C and D have also been found in two minor human U-snRNAs-U8 and U 13-that also fractionate with the nucleolus (Reddy et al. 1985; Tyc and Steitz 1989) and in the essential yeast snRNA U14 (Jarmolowski et al. 1990) .
Genes encoding homologues of vertebrate U3 RNA have been cloned from a variety of organisms, including slime mold (Wise and Weiner 1980) , budding yeast (Hughes et al. 1987 ) fission yeast (Porter et al. 1988) , and tomato (Kiss and Solymosy 1990) . The 3' two-thirds of each of these can adopt a secondary structure similar to that derived from chemical and enzymatic probing of the human RNA by Parker and Steitz ( 1987) . Our previous analysis of one of the two genes encoding U3 from Schizosaccharomyces pombe (U3A) indicated that, in contrast to human U3, the 5' end of this RNA cannot adopt a single stable stem-loop structure. Because the Dictyostelium homologue also readily formed a dual hairpin and since, conversely, human U3 cannot assume such an alternative structure, we suggested that between higher and lower eukaryotes there may be structural divergence in this snRNA (Porter et al. 1988 ). This hypothesis was also based on analysis of the gene sequences for snRl7A and B, the U3 homologues from Saccharomyces cerevisiae. Recently, a reinvestigation at the RNA level revealed that the 5' termini originally assigned to these RNAs (Hughes et al. 1987) were incorrect because, unexpectedly, both genes are interrupted by an intron between positions 14 and 15 of the mature RNA (Myslinski et al. 1990 ). Here we report the structure of the gene encoding Schizosaccharomyces pombe U3B, together with RNA analyses demonstrating that neither coding sequence for U3 in this organism contains an intervening sequence. Quantitation reveals that, also in contrast to the situation in budding yeast, these genes are expressed at similar levels.
Material and Methods

Construction of a Lambda-DASH Library
Schizosaccharomyces pombe genomic DNA was partially digested with Sau3AI and inserted into the BamHI site of the replacement vector Lambda-DASH (Stratagene), which requires 9-23 kb of inserted DNA to form an infectious particle. Recombinant plaques were selected by growth on a restrictive host, P2-392, that permits growth of phage lacking the red and gam genes.
Screening the Library with a Probe Derived from the U3A Gene
The genomic library was probed with a U3A subclone labeled with [u-~~P] dCTP by using the random hexamer method according to the instructions provided by the manufacturer ( Amersham) . This plasmid contains 116 bp from the 3' end of the U3A coding sequence, plus 61 bp of 3' flanking DNA. Hybridization and low-stringency washing conditions were as described elsewhere (Porter et al. 1988) for probing genomic Southern blots with a T7 transcript derived from this plasmid. After rescreening and plaque purification, DNA was prepared from selected phage by the method described by Maniatis et al. (1982, pp. 371-372) .
Identification of Candidate U3B Genes, Subcloning, and Sequencing
To distinguish between phage carrying the U3A locus and those that were novel isolates, the appropriate restriction-enzyme digests (see Results) were resolved on a 0.7% agarose gel and were transferred to GeneScreen-plus (NEN). Blots were hybrid-S. pombe U3 Genes Lack Introns 299 ized with the same probe used in the library screen. A 1.3-kb EcoRI fragment derived from one of the two U3B candidates was subcloned into pTZ 1 HJ, in both orientations. Sequence analysis was carried out by the dideoxy chain-termination method using the strategy described in Results.
RNA Analysis
Protocols for enzymatic and primer-extension RNA sequence analysis were as described elsewhere (McPheeters et al. 1986; Brennwald et al. 1988) . To determine the relative abundance of U3A and U3B, we used primer extension in the presence of dATP, dCTP, dTTP, and ddGTP from an oligonucleotide complementary to a region just downstream of a sequence difference between the two RNAs. Densitometry was performed on an LKB Ultroscan; the results reported are the average of four scans.
Results
Identification of a U3B Gene
Our previously published Southern blot analysis indicated that the Schizosaccharomyces pombe genome contains two copies of the U3 coding sequence (Porter et al. 1988 ); only one of these genes was present in the library screened in that study. To isolate the U3B gene, we probed -40,000 phage plaques from a different genomic bank recently constructed in our laboratory (see Material and Methods). If an average insert size of 16 kb is assumed, then this represents -40 genome equivalents. Fiftythree plaques hybridized to the probe, in reasonable agreement with the number expected for a gene present in two copies. After plaque purification, DNA was prepared from six of these and was digested with EcoRI, EcoRI/HindIII, XbaI, and XbaI/ HindIII; these enzymes cleave in the vicinity of the U3A gene (Porter et al. 1988) . Two of the six phage DNAs had restriction patterns that matched the U3A locus, two had patterns related to each other but not to U3A, and the remaining two were unrelated to either U3A or the other five recombinant clones. The last were apparently false positives, since no hybridizing bands were observed on Southern blots of their restricted DNAs. The two candidate clones for U3B hybridized on genomic Southern blots to bands whose sizes were consistent with earlier genomic Southern data (Porter et al. 1988) and also cross-hybridized to blots of the putative U3A clones (G. L. Porter and J. A. Wise, unpublished data) . Further restriction mapping showed that the two U3B isolates contain overlapping regions of the genome, truncated at different points by the Suu3AI partial digestion. A restriction map of the insert in the smaller phage, together with that of an EcoRI fragment subcloned into pTZ18U, is shown in figure 1. Our U3B map has sites in common with a less detailed map derived by Dandekar and Tollervey ( 1989) , suggesting that they cloned the same locus; however, their placement of the SspI and AccI sites, which fall within the region we sequenced, was significantly different.
Comparison of the U3A and U3B Primary and Secondary Structures
The putative U3B plasmid was initially sequenced using an oligonucleotide that hybridizes to nucleotides 19-33 of U3A RNA, verifying that it contained both the complement of the primer and related but divergent upstream sequences. To obtain the complete sequence of both strands of the gene and flanking DNA, we constructed four subclones by deleting DNA extending to either the SspI or AccI site from each orientation of the 1.3-kb EcoRI fragment (see fig. 1 ). Sequencing was carried out according to the strategy depicted in figure 1 by using the universal primer or an oligonucleotide complementary to the U3B 3' flanking sequence, as appropriate. Figure  2 shows the secondary structure we propose for U3B RNA, with primary sequence differences in U3A indicated. As expected, the two fission yeast U3 coding sequences are closely related: only 22 differences were found in 255 nucleotides (91% identity). snR 17A and B from Succharomyces cerevisiae (Hughes et al. 1987; Myslinski et al. 1990 ) have a similar degree of identity, 92% (28 differences in 333 nucleotides), while rat U3A and U3B (Reddy 1989 ) are more diverged, with 28 differences in 214 nucleotides ( 87% identity). Boxes A-D, the regions of highest similarity among all U3 homologues (Wise and Weiner 1980; Hughes et al. 1987 ) , are especially well conserved between Schizosaccharomyces pombe U3A and U3B; the only differences are two transitions in box B. The two RNAs differ in size by one nucleotide, because of an extra U at position 210 in U3A. Size heterogeneity was also observed between U3A and U3B RNAs of rat (Reddy 1989) .
The proposed Schizosaccharomyces pombe U3B secondary structure is similar to the one we originally reported for U3A (Porter et al. 1988) , with several minor modifications. First, the loop at the top of hairpin la has been reduced by four nucleotides, because of the addition of one G -U and one A-U pair to the stem. Second, hairpin 1 b and surrounding nucleotides have been refolded to reflect the U3B sequence and the corrected U3A sequence. The new structure proposed for this region contains a stem-loop and spacer in place of a longer hairpin, which is satisfying from a phylogenetic perspective because it conforms more closely to the folding pattern we proposed earlier for the 5' end of Dictyostelium U3 (Porter et al. 1988) . Note, however, that stems la and 1 b are not supported by the existence of compensatory base changes. The validity of hairpin 2 is supported by the exchange of G-C for A-U pairs between Schizosacchuromyces pombe U3A and U3B RNAs. Other sequence differences in hairpins 2 and 3, while not compensatory, maintain the helices. Both ends of U3A and U3B are remarkably devoid of sequence differences-none occur either between One impetus to identify the second fission yeast U3 gene was to test the model we previously proposed for a dual hairpin near the 5' ends of lower-eukaryotic homologues of this RNA. A single stem-loop is the only stable structure available to the corresponding region of U3 from vertebrates. Because up to position 9 1 there are no sequence differences between fission yeast U3A and U3B RNAs, the present work does not provide additional support for the dual hairpin model. However, recently published data from other laboratories bear on this issue. First, the structure we proposed for the 5' end of Saccharomyces cerevisiae U3 (Porter et al. 1988 ) was based on an incorrect sequence, because of the unanticipated finding that both snR 17 genes contain introns (Myslinski et al 1990) ; the revised sequence can also be folded into a dual hairpin structure. Second, the 5' ends of Arubidopsis, tobacco, and tomato U3 RNAs can be folded into dual hairpins similar to those we previously proposed for lower-eukaryotic U3 (Kiss and Solymosy 1990; Marshallsay et al. 1990 ). Although conservation of U3 structure between plants and fungi might at first seem surprising, we note that in many phylogenetic trees the plant-animal divergence appears deeper than that between plants and fungi (e.g., see Sogin et al. 1989 ).
An abrupt decrease in sequence conservation is observed at the boundaries of the fission yeast U3A and U3B coding regions; however, as illustrated in figure 3 , the flanking DNA does retain blocks of identity. The underlined sequence centered at -36 corresponds to a conserved element found preceding all Schizosuccharomyces pombe U-snRNA genes except for U6; we have previously proposed that this sequence serves as an RNA polymerase II transcriptional control element (Porter et al. 1990 ). Downstream positions +33 to +39 in U3A perfectly match positions +35 to +41 in U3B, and just upstream is a lO/ 12 identity; the significance of this stretch of conserved nucleotides is unclear, because other fission yeast snRNA loci lack similar sequences in this region (Small et al. 1989 , and unpublished data cited therein).
U3 Genes from Schizosaccharomyces pombe Lack Introns
The introns in the budding yeast U3 genes occur between nucleotides corresponding to positions 14 and 15 of the mature RNAs (Myslinski et al. 1990 ). We employed a combination of direct RNA sequencing strategies to address the question of whether either or both fission yeast U3 coding sequences might also be interrupted. First, as shown in figure 4 , primer-extension sequence data extending from position 80 to the 5 ' end demonstrate that this portion of the RNA (which is identical between U3A and U3B) is colinear with the genes (see fig. 2 ). Thus, the coding sequences are uninterrupted throughout this interval and, in particular, are continuous through the location of the budding yeast U3 intron. We located the 3' boundary of the genes by using enzymatic RNA sequencing of 3' end-labeled U3 RNA, as shown in figure 5 . Northern analysis of total, nuclear, and anti-TMG precipitated RNA with several and U3B genes. The DNA upstream and downstream from the U3B coding region is shown on the top line, and differences at the corresponding positions flanking the U3A gene (Porter et al. 1988 ) are indicated beneath. The sequences were aligned using DNA* software. The nucleotides that encode the first and last residues of the mature RNAs (determined by direct RNA sequencing; see below) are highlighted in boldface type; the coding regions are represented by three dots. Dashes indicate positions where the spacing has been altered to improve the alignment. Regions of extended sequence similarity discussed in the text are underlined. The U3B-DS oligonucleotide (5' TCATCTACACACTTTTTG 3') used for sequencing from the 3' direction hybridizes just downstream of the sequence shown.
306 Selinger et al. 1989; Stroke and Weiner 1989) . A different role for U3 is suggested by the results of Savino and Gerbi ( 1990) , who found that RNAse H-mediated depletion of the snRNA in Xenopus oocytes decreased cleavage at the internal transcribed spacer 1 (ITS 1) processing site, causing accumulation of two precursor ribosomal RNAs (rRNAs) downstream in the pathway, 20s and 32s. These incompatible observations may reflect species differences or, more likely, may indicate that U3 does not participate directly in cleavage reactions but, rather, promotes or stabilizes a particular conformation of the pre-rRNA compatible with both processing and ribosome assembly (Savino and Gerbi 1990) .
Whatever the precise role of U3 may be, its 5' end appears to be functionally important, because the site of cross-linking to the ETS lies within or near box A of rat U3 (Stroke and Weiner 1989) and because oligonucleotides that target RNAse H cleavage to box A or to the spacer separating the S'end from the proximal stem disrupt rRNA processing (Kass et al. 1990; Savino and Gerbi 1990) . The ability of the 5' end of U3 to fold into a dual hairpin appears to be widespread (Myslinski et al. 1990; Kiss and Solymosy 1990; Marshallsay et al. 1990 )-rather than being restricted to unicellular eukaryotes, as we originally proposed (Porter et al. 1988 ). Since frog is the only nonmammal among the vertebrates from which U3 has been characterized (Jeppesen et al. 1988) , sequences of homologues from phylogenetically intermediate organisms would be useful to determine whether the existence of a single 5' hairpin is a very recent adaptation. Unlike most RNA components of ribonucleoproteins, the universally conserved nucleotides near the 5' end of U3 are not single stranded, and, moreover, as noted by Gerbi et al. (accepted) , the stems are not supported by compensatory base-pair substitutions in homologues from different organisms. Because it seems likely that the role of U3 has been conserved through evolution, we favor the idea that the stable 5' helices, whether single or double, are not required for U3 snRNP function. They might, for example, serve to prevent this portion of the RNA from engaging in aberrant folding with the remainder of the molecule prior to its assembly with proteins.
